Heteroatom-doped metal-free graphene has been widely studied as the catalyst for the oxygen reduction reaction (ORR). Depending on the preparation method and the dopants, the ORR activity varies ranging from a two-electron to a four-electron pathway. The different literature reports are difficult to correlate due to the large variances. However, due to the potential metal contamination, the origin of the ORR activity from "metal-free" graphene remains confusing and inconclusive. Here we decipher the ORR catalytic activities of diverse architectures on graphene derived from reduced graphene oxide. High angle annular dark field scanning transmission electron microscopy, X-ray absorption near edge structure, extended X-ray absorption fine structure, and trace elemental analysis methods are employed. The mechanistic origin of ORR activity is associated with the trace manganese content and reaches its highest performance at an onset potential of 0.94 V when manganese exists as a mononuclear-centered structure within defective graphene. This study exposes the deceptive role of trace metal in formerly thought to be metal-free graphene materials. It also provides insight into the design of better-performing catalyst for ORR by underscoring the coordination chemistry possible for future single-atom catalyst materials.
Introduction
Graphene and its hybrid materials have been shown to have much utility across a diversity of fields including membranes [1] [2] , electronics [3] and catalysis [4] [5] due to its excellent chemical, mechanical and electronic properties [6] [7] [8] . In particular, heteroatom-doped metalfree graphene a candidate as a catalyst in ORR fuel cells due to its performance being comparable to that of scarce platinum [9] [10] [11] [12] . Numerous studies have been conducted to improve its catalytic activity from a two-electron to a four-electron oxygen reduction process [9] [10] [13] [14] [15] . However, the designation of "metal-free" has been controversial due to the potential contamination of metals from the precursor, reactant or reaction vessels [14, 16] . For example, encapsulated trace iron within carbon nanotubes enhanced the catalytic activity, and removal of iron results in an inferior performing material [14] . By using more sensitive analytical techniques such as electron paramagnetic resonance (EPR) and inductively coupled plasma mass spectrometry (ICP-MS), researchers have successfully detected manganese signals in reduced graphene oxide (rGO) synthesized using Hummer's method [17] [18] . The trace metals are difficult to remove and are below the detection limits of common tools such as X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) [19] [20] [21] . These trace metal impurities are introduced to the catalyst from the graphite precursor or reactants that have been used to make the catalyst. Trace metals have been found to affect the electrochemical performance of graphene [17, 22] . It has been suspected that the ORR activity of graphene comes from MnO 2 particles in light of the fact that contaminated graphene or MnO 2 have better performance than other metal oxides and metalfree graphitic materials [17] .
Single-atom catalysis is a recent advance that has attained broad research interests in various catalytic systems. In these studies, the mononuclear distributed atoms on graphene or other matrixes not only possess higher atomic economy, but also exhibit higher catalytic activities than nanoparticles comprised of the same metal [23] [24] [25] [26] . This inspired us to revisit the role of trace metal in the electrochemical performance of graphene. In this work, we synthesized graphene-based materials with different structures and their ORR catalytic activities were determined. This includes nitrogen-doped graphene (NG), NG containing manganese oxide nanoparticles and Mn mononuclear-centered architectures within graphene. Using a combination of analytical tools including high angle annular dark field scanning transmission electron microscopy (HAADF-STEM), X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS), the manganese-centered structures within the defective graphene are studied. Those trace metal-containing materials were highly active in reducing O 2 into OH − through a four-electron process. The work permits the rationalization of an otherwise convoluted literature on the topic of "metal-free" electrocatalysis on graphene. While the research on "metal-free" graphene catalysis continues to increase, the role of trace metals in other systems remains to be further investigated in light of the divergent results in the literature [27] [28] . These results will be of significance for the engineering of higher-performing ORR catalysts, and could have important implications in future development of graphene-based catalysts for other reaction systems.
Experimental

Synthesis of GOn
GOn were synthesized using the improved Hummers method [29] . To a 9:1 mixture of concentrated H 2 SO 4 /H 3 PO 4 (720:80 mL) was added a mixture of graphite flakes (6.0 g, 1 wt equiv Sigma-Aldrich 332461). KMnO 4 (36.0 g, 6 wt equiv) was slowly added in 6 equal portions, producing a slight exotherm to 35 -40°C. The reaction was then heated to 50°C and stirred for 12 h. Do not concentrate this solution since concentrated KMnO 4 in acid can be explosive [29] . The reaction was cooled to r.t. and poured onto ice (~ 800 mL) with 30% H 2 O 2 (6 mL). For workup, the mixture was centrifuged (4000 rpm for 4 h) and the supernatant was decanted away. The remaining solid material was then divided into 6 portions. Each portion was washed in succession with 200 mL of 30% HCl (n×, n = 1 -6), then 200 mL of water, and finally 200 mL of ethanol (2×). For each wash, the mixture was centrifuged at 4000 rpm for 4 h and the supernatant was decanted away. The material remaining after this extended multiple-wash process was coagulated with 200 mL of ether, and the resulting suspension was filtered over a PTFE membrane with a 0.45 μm pore size. The solid obtained on the filter was vacuum-dried overnight at room temperature.
Synthesis of NGn
GOn (30 mg) was added into HPLC grade water (15 mL) and sonicated (Cole Parmer, model 08849-00) for 12 h. The solution was then transferred into a Teflon-sealed autoclave and heated at 160°C for 12 h. To avoid contamination, the Teflon cell was soaked in 98% H 2 SO 4 for 1 h and washed with HPLC grade water between each experiment. After cooling to r.t., the water was decanted away and the aerogel was rinsed with 15 mL HPLC grade water (2×). The remaining aerogel was freeze-dried by cooling in liquid nitrogen and then sublimating the water under vacuum. Nitrogen doping was performed in a CVD furnace. Typically, the aerogel was placed in a 1-in (2.54 cm) quartz tube. The quartz tube was evacuated to ~ 100 mTorr and filled with Ar/NH 3 (65:65 sccm) to 1 atm. After that, the temperature of the furnace was raised to 750°C within 30 min and maintained at 750°C for 1 h under contineous Ar/NH 3 flow (65:65 sccm). The nitrogen-doping process results in a ~30% wt loss due to the etching effect of NH 3 .
Synthesis of NG1a
To HPLC grade water (15 mL) was added GO1 (30 mg) and 28% ammonium hydroxide (0.5 mL). The solution was sonicated (Cole Parmer, model 08849-00) for 12 h and then transferred into a Teflon-sealed autoclave. The mixture was hydrothermally heated at 160°C for 12 h. After cooling to r.t., the water was decanted away and the aerogel was rinsed with 15 mL HPLC grade water (2×). The remaining aerogel was freeze-dried by cooling in liquid nitrogen and then sublimating the water under vacuum. Nitrogen doping was performed in a CVD furnace. Typically, the aerogel was placed in a 1-in (2.54 cm) quartz tube. The quartz tube was evacuated to ~ 100 mTorr and filled with Ar/NH 3 (65:65 sccm) to 1 atm. After that, the furnace was raised to 750°C within 30 min and maintained at 750°C for 1 h under contineous Ar/NH 3 flow (65:65 sccm).
Characterization
TEM was performed using JEOL 2100 field emission gun transmission electron microscope. XPS spectra were taken on a PHI Quantera SXM scanning X-ray microprobe with a base pressure of 5 × 10 −8 Torr. A pass energy of 26 eV with a 200 μm beam size was used for elemental spectra. ICP-MS was measured on a Perkin Elmer Nexion 300. The Mn calibration curve is prepared using the Mn standard (Perkin Elmer). The samples were digested in 2% nitric acid (Sigma Aldrich; TraceSELECT Ultra grade) at 50°C for 1 d and filtered over a PTFE membrane with a 0.2 μm pore size. Atomic resolution STEM images were collected with a JEOL-ARM200F operated at 80 kV equipped with a CEOS Cs probe corrector. Collection angles were set to 20-75 mrad for HAADF images and 4.5 mrad for BF images. The convergence angle was set to 24 mrad. EDS analysis was performed with an EDAX Apollo Si detector. The Mn K-edge XAFS spectra were acquired at beamline 1W1B of the Beijing Synchrotron Radiation Facility in fluorescence mode using a fixed-exit Si (111) double crystal monochromator. The X-ray higher harmonics were minimized by detuning the two flat Si (111) crystals to ~ 65% of the maximum incident flux. The incident X-ray beam was monitored by an ionization chamber filled with N 2 , and the X-ray fluorescence detection was performed using a Lytle-type detector filled with Ar. The EXAFS raw data were then background-subtracted, normalized and Fourier transformed by the standard procedures with the IFEFFIT package [46] .
Electrochemical Characterization
RDE studies of ORR were conducted in a home-built electrochemical cell using a mercury/ mercury oxide electrode (CHI 152, CH Instruments) as the reference electrode and a Pt wire as the counter electrode. The currents were collected using a CHI 608D workstation (CH Instruments). For the preparation of electrodes for ORR testing, catalyst (2 mg) was dispersed in 0.5 wt% Nafion aqueous solution (2 mL) by sonication (Cole Parmer, model 08849 -00) until a homogeneous ink was formed. Then 16 μL of the catalyst ink was loaded onto a glassy carbon electrode (5 mm in diameter, Pine Instrument) and dried slowly in air. A flow of O 2 was maintained in the electrolyte during the measurement to ensure continuous O 2 saturation. All of the reference electrodes were calibrated with respect to reversible hydrogen electrode. The calibrations were conducted in high purity hydrogen-saturated electrolyte with a Pt wire as the working electrode at a scan rate of 1 mV s −1 . The average of the two potentials of each CV curve where the current crossed zero was taken to be the thermodynamic potential. The mercury/mercury oxide electrode is calibrated as E (RHE) = E (Hg/HgO) + 0.901 V in 0.1 M KOH.
The graphene-based catalysts with different Mn content and ligands were prepared as shown in Fig. 1a . Pristine GO was synthesized using the improved Hummers protocol [29] . Instead of applying the conventional 1× only HCl wash for the purification of GO, we modified the number of acid washes (n) to range from 1 to 6 and the resulting GO products are termed as GOn (n = 1 -6). After that, the GOn was self-assembled into an aerogel by a hydrothermal reaction in HPLC grade water, and then transformed into NG by annealing in NH 3 /Ar at 750°C. The samples so prepared were termed NGn (n = 1 -6). In a control experiment, we also ran the GO1 hydrothermal reaction in alkaline media (aqueous NH 4 OH) to trigger the formation of MnO x nanoparticles, and then performed the same nitrogen doping. The control sample synthesized in alkaline media was named NG1a.
The Mn content in these samples was characterized using various techniques with different detection limits. No apparent Mn signal was detected in NGn using conventional analytical tools such as XPS or TEM ( Fig. 1b-e ). As shown in Fig. 1b , only NG1a shows the presence of Mn in the XPS survey spectrum. This is more evident in the high resolution Mn2p XPS spectra corrected according to the C1s peak ( Fig. S1a, b ). The atomic concentrations of elements are shown in Fig. 1c . All of the NGn have similar compositions of 90% C, 3.5% N, 6.5% O and no detectable Mn. NG1a has 2.5 at% Mn and higher contents of N and O at 6.3 at% and 13 at%, respectively. It is possible that the NGn hydrothermal reaction removed some of the Mn.
Discussion
Microscopic imaging can provide direct visual information regarding the surface morphology of the materials. However, due to low resolution and the low contrast of C and Mn atoms, traditional TEM analysis cannot detect the atomic features of metals. As shown in Fig. 1d , the TEM image of NG1 reveals a graphene surface without any apparent nanoparticles. The control NG1a surface clearly contains many nanoparticles with a size distribution of ~ 5 nm (Fig. 1e ). In combination with the spectroscopy data and XPS and TEM analyses, the evidence could readily lead to the conclusion that the heteroatom-doped graphene synthesized by this conventional method is metal-free.
However, the evidence for metal-free graphene might be called into question as more sensitive analytical techniques are used. For example, ICP-MS is a highly sensitive instrumental method that detects metals at the ppm or lower concentration [31] . As shown in Fig. 2a , the Mn signal in NGn emerges and its content decreases rapidly as the number of acid washes increase. The Mn contents are ~560, 360, 32 and 13 ppm in NG1, NG2, NG3 and NG4, respectively; and Mn is not detectable in NG5 and NG6. Energy dispersive X-ray spectra (EDS) taken on the scanning transmission electron microscopy (STEM) images also have results consistent with the ICP-MS in that there is a Mn peak at 5.9 keV for NG1 but the signal disappears for NG6 ( Fig. 2b and Fig. S2) .
To unravel the structural information of Mn in NGn, we first employed HAADF-STEM analysis, which offers higher contrast between metallic and non-metallic atoms due to their different scattering behaviors. Fig. 2c-f and S3 show the HAADF-STEM images of NGn, in which the Mn atoms appear as bright spots and are clearly distinguishable from the dark carbon background [25] . As shown in Fig. 2c and Fig. S3a-b , NG1 contains a large amount of Mn on the graphene surface that is distributed as single atoms or in few-atom clusters. For NG2 ( Fig. 2d and S3c-d) , the abundance of clustered atoms decreases greatly and the Mn primarily exists as single atoms. This atomic feature is also present in NG3 and NG4, yet in a much lower abundance ( Fig. 2e and Fig. S3e-h) . However, the Mn signal becomes barely detectable for NG6 ( Fig. 2f and Fig. S3i ).
To better understand the Mn atomic environment, NGn and NG1a were further investigated using XANES and EXAFS. For lack of sufficient signals for NG3-6, their spectra are not shown. From Fig. 3a , it can be observed that the XANES spectra of NG1 and NG2 are drastically distinctive from those of bulk Mn, MnO and MnO 2 . The XANES absorption edges of NG1 and NG2 lie between MnO and MnO2 references, which suggests the valences of Mn are between +2 and +4. However, the XANES spectrum of NG1a shows an overall profile similar to that of the MnO 2 reference, with a slightly shifted absorption edge to higher energy as compared to NG1 and NG2 and thus higher valence, indicating that the Mn species can be dominated by nanocrystalline MnO 2 . The existing forms of Mn are further elucidated from the Fourier transforms (FT) of the experimental Mn K-edge EXAFS spectra (Fig. 3b ). The NG1, NG2 and NG1a exhibit a main peak at 1.47 Å, which nearly coincides with the first Mn-O peak of the MnO 2 reference and hence can be attributed to the light atom contribution. Another peak is revealed at ~ 2.35 Å, which overlaps with the Mn-Mn peaks for bulk Mn and MnO 2 references that spread from 2.32 to 2.52 Å and can be assigned to the Mn-Mn scattering. This peak intensity is much weaker for NG2 and shows an obvious increase for NG1, which is in agreement with the observation of few-atom clusters in NG1 and fewer clustering features in NG2 under HAADF-STEM. The coordination configurations for the Mn atoms are then investigated by quantitative leastsquares EXAFS curve fitting analysis ( Fig. S4 and Supplementary Table S1 ). For NG2, in addition to the minor Mn-Mn bond having a coordination number of 0.2 at a distance of 2.51 Å, it is rather surprising that two different nearest-neighbor coordination spheres from light atoms are estimated to be at distances of 1.94 and 2.23 Å with coordination numbers of 3.0 and 1.9, respectively ( Supplementary Table S1 ). Despite an obvious increase of Mn-Mn coordination degree, similar bond-distance distribution is shown in NG1. Those results are in marked contrast to the porphyrin-, the pyridine-and the graphene-divacancy-based motifs previously reported in the literature, where more distant coordination spheres of C atoms around the metal atoms were usually found at distances of beyond 2.7 Å, with the first coordination spheres of N atoms at ~ 2.0 Å [26, 32] . These results are confirmed by a comparison of the experimental XANES spectra of NG1 and NG2 with the theoretical spectra for the MnN x C y moieties built based on the three archetypical architectures (Fig.  S5) , where the features for the experimental XANES spectra are only partially reproduced. The deviations of NG1 and NG2 from the perfect crystalline archetypical architectures are in accord with the amorphous nature of graphene oxide produced by the improved Hummer's method. Furthermore, density functional theory (DFT) calculations reveal that two or more different bond-distance distributions for the nearest Mn-C/N/O bonding can be observed in the four-vacancy-based moiety in the graphene (Fig. S5) . Those results suggest that the majority of Mn atoms in NG1 and NG2 are dispersed in the largely defective graphene sheet as mononuclear centers without definite uniform coordination configurations.
The catalytic activities of different structures on NG were evaluated in O 2 -saturated 0.1 M KOH solution using a rotating-disk electrode (RDE, Fig. 4 ). Fig. 4a,b and Fig. S6 display the linear sweep voltammetry (LSV) of NGn under different rotating speeds. The electron transfer numbers extrapolated from the linear fitting of the Koutechy-Levich plots (insets of their corresponding LSV) at the selected potentials are summarized in Fig. 4d [5, 33] . For NG1, where single atoms and few-atom clusters are present, the number of electrons in the ORR is ~3.9. The electron process reaches its maximum at 4.0 for NG2, in which the Mn mononuclear-centered architecture dominates, and then deceases to ~ 3.0 for NG3 and NG4, in which the abundance of mononuclear features decreases. For NG6, which represents the essentially metal-free NG structure, the number of electrons is only ~2.5, which indicates the oxygen is mainly reduced to peroxide. For the nanostructure MnO x in NG1, oxygen is reduced by a 3.1 electron process with an onset potential of 0.8 V. The performance of NG1a lies between the reported values of MnO x from 1.7 to 3.9 electrons with onset potentials ranging from 0.75 to 0.90 V, which are dependent on the crystallinity and structural composition [13, [34] [35] . The ORR catalytic activity of NGn and NG1a are further analyzed by comparing their LSV at 1225 rpm (Fig. 4e ) and the result is summarized in Fig. 4f . The onset potentials for NG2, NG6 and NG1a are 0.94, 0.73 and 0.83 V, respectively. This suggests that the mononuclear structure requires less energy for the initiation of ORR than those of NG and nanostructured MnO x . Both NG1 and NG2 exhibit a much higher current density at 0.6 V vs RHE. The current densities at 0.6 V and half-wave potential (E 1/2 ) decrease gradually from NG2 to NG6, which correlates with the Mn concentrations determined by ICP-MS ( Fig. 2a ). There are factors that can contribute to the electrocatalytic activity difference across the literature: (a) in the literature, the LSV is measured at 1600 rpm in some cases. Here we use 1225 rpm to avoid the separation of the catalysts from the electrode and therefore ensure higher reproducibility. Increasing the rotating speed will enhance the mass transport and increase the current density at the diffusion limited current. (b) The catalyst loadings could be different. This includes two components, one is the total amount of catalyst, the other is the trace metal. For the latter, it is difficult to correlate the literature results due to the differing amounts of residual metal in GO prepared by different laboratories.
Since the ORR activity of NG is associated with the Mn content and its structure, this information provides an approach for the engineering of NG into a better-performing ORR catalyst. For example, the addition of 2.5 μmol MnCl 2 to 30 mg GO6 during the hydrothermal reaction leads to an enhanced ORR performance. As shown in Fig. S7 , the number of electrons in ORR improves from 2.5 for NG6 to 4, and the current density at 0.4 V increases from −1.4 mA cm −2 to −3.2 mA cm −2 . Both the current density and the number of electrons in ORR for NG6 can be recovered to a performance similar to that of NG2 after the introduction of trace Mn, yet the onset overpotential remains to be further optimized. Nonetheless, it underscores the profound effect of the trace Mn on the electrochemical reaction.
To understand the mechanism of these ORR catalytic behaviors, spin-polarized density DFT calculations were performed using Vienna ab-initio Simulation Package (VASP) [36] code (see Supplementary data for details). ORR catalytic activities on four types of samples, graphene, NG, Mn mononuclear-centered NG, and MnO 2 crystal surface, were taken into consideration. In alkaline solution ORR follows the associative rather than the dissociative mechanism as steps [36] [37] [38] [39] :
The Gibbs free energy diagrams of the ORR intermediates bound on different samples under the conditions of pH 14 are shown in Fig. 5 . According to the Sabatier principle, a good catalyst should bind a key intermediate in a manner that it is strong enough to allow the reagents to stay on samples for reaction but weak enough to enable the release of products. The Gibbs free energy diagram indicates that the intermediates are bound so weakly on graphene that the highest barrier is 1.37 eV. The structure of Mn mononuclear-centered NG is established based on the previous XANES and EXAFS study, with variations on the surrounding binding elements. It has been reported that Mn-oxo (Mn = O) species are active in various catalytic reactions [41] [42] , thus 3 relaxed Mn-oxo (Mn = O) species were proposed as the initial states for ORR, and shown in Fig. 5b-d . The structure is formulated as Mn-oxo-N x O y , where x and y indicate the number of nitrogen and oxygen atoms coordinated to the Mn center. The Gibbs free energy diagrams show that these Mn-oxo species exhibit stronger adsorption ability of ORR intermediates than graphene, resulting in significant decrease of the reaction barriers. The rate-determining step barriers are 0.84 eV, 0.52 eV and 0.68 eV for Mn-oxo-N 2 O 2 , Mn-oxo-N 3 O 1 and Mn-oxo-N 4 , respectively, implying that they are much more active for ORR catalysis. For comparison, the structure of NG was generated from Mn-oxo-N 4 with Mn = O removed, and after relaxation it reconstructed as shown in Fig. 5e . From the view of the Gibbs free energy diagram, NG also has stronger adsorption ability of ORR intermediates than does graphene, but its ratedetermining step barrier is still high at 1.57 eV. For the case of the MnO 2 crystal surface, we focused on the stable and preferentially exposed β-MnO 2 crystal (110) surface. It has been well established that in alkaline media the most thermodynamically stable state of this surface is full coverage with splitting H 2 O [43] [44] , and we took the most stable state as the initiation of ORR, as in Fig. S8f . The Gibbs free energy diagram shows the weak binding of ORR intermediates on the β-MnO 2 crystal (110) surface, and the highest barrier is 1.32 eV. All the ORR intermediates adsorption structures on four types of samples are provided in Fig. S8a -e,g. These DFT results illustrate that the Mn mononuclear-centered NG architectures significantly enhances the ORR performance of graphene.
Conclusion
In summary, we have prepared graphene-based catalysts with different structures and determined their catalytic ORR activities with and without trace Mn. This study shows the deceptive nature of trace metal that resides below the detection limit of XPS and common TEM analysis. This leads to a misinterpretation of mechanisms in graphene-based catalysts.
It is further found that the Mn mononuclear-centered structures within graphene have a higher ORR activity than those of metal-free NG and MnO x nanoparticles. This discovery shows the important role of trace metal in the electrochemical performance of graphene materials, and it provides a method for further optimization of graphene-based ORR catalysts. More specifically, a balance is needed between the increase of Mn-centered active sites and the aggregation of Mn metal. Moreover, it has implications for development of other catalysts by tuning the coordination chemistry on the graphene. By exploiting the high conductivity and excellent stability of graphene [7] [8] , mimicry of enzymes such as hydrogenase and oxygenase, where the mono-or bi-nuclear metal center acts as the active site [45] [46] , is possible. This holds great promise for graphene materials to be electrocatalysts in a broad array of applications.
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